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Abstract

The effect of the thickness on the mechanical properties of injection-molded specimens of pure polyamide-6 (PA6) and polyamide-6 clay
nanocomposites (PA6-NC) with 5 wt% of layered silicates was investigated. Plates of 0.5, 0.75, 1 and 2 mm thickness were characterized in
the injection direction using Dynamic Mechanical Analysis under torsion and tension respectively, and tensile tests. The fracture surfaces
were analyzed by Scanning Electron Microscopy. In contrast with PA6, PA6-NC showed thickness effect and clear differences in the
mechanical and thermomechanical properties between skin and core, especially in the 2 mm thick samples. Increasing thickness in PA6-NC
led to a reduction of tensile modulus and yield stress. In the fracture surface of the thicker tensile specimens the formation of a sheet-like
structure was observed. Multiple voiding in the core causing initial failure in this region and a stiffer skin with a better orientation of the
layered silicates in the injection direction are two important elements of a micromechanical model proposed in this paper to explain the

fracture mechanism in PA6-NC.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The production of polyamide (PA) nanocomposites using
layered silicates as reinforcing agents has thoroughly been
investigated during the last decade. The first step is the
hydrophobation and swelling of the layered silicates with
alkylammonium salts, which replace the Na™ ions between
the silica layers (cation exchange). This will allow
intercalation or delamination of the clays [1-5] by
increasing the interlayer spacing, improving compatibility
with the polymer. The clay is then used to prepare
nanocomposites using mainly in situ polymerization [6,7]
or melt intercalation [8—12]. In this latter method, the
organophilic clay is mixed with the polymer melt (for
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example, in an extruder), so the shear forces will delaminate
the clay into nanometer-sized individual silicate platelets.
The interaction between the layered silicates and the
polymer in nanocomposites leads to improved properties, e.g.
lower gas permeability [13], better thermal stability and flame
retardancy [13—16], better tensile and impact strength,
stiffness and fatigue [17—20], compared to the unmodified
polymer. The layered silicates were shown to orient along the
direction of shear, causing orientation of the polymer chains as
well [21]. The ratio of the a/y PA crystal structures was found
to be dependent on the layered silicate content [22], with the vy
crystal structure with extended polymer chains positioned
mostly close to the oriented silicate/polymer interface. It was
also found that thermal history, such as annealing after
injection molding, had a dramatic effect on o/y crystal
structure ratio (fraction of o phase increases from 1/3 to 2/3
after annealing) [23]. It may be foreseen that a/7y ratios and
orientation would be affected by processing parameters. For
instance, during injection molding thinner samples experience
more uniform shear distribution and faster cooling than thicker
ones, which would influence the crystal structure and

0032-3861/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0032-3861(03)00115-0


http://www.elsevier.com/locate/polymer

2442 P. Uribe-Arocha et al. / Polymer 44 (2003) 2441-2446

orientation. Indeed, crystallinity in the core of injection-
molded PA specimens increased dramatically (from 18 to
30%) with sample thickness, while remaining nearly constant
at about 15% in the skin [24]. Investigations into the effects of
processing conditions in fiber-reinforced thermoplastics
[25-29] also revealed the formation of a skin-core structure
in injection-molded short-glass fiber reinforced PA6. This is
caused by shear-induced orientation and is influenced by many
parameters such as temperature, shear forces in the tool,
thickness of the tool, geometry of the tool, etc [30]. The effects
of processing conditions on PA6-NC have not been investi-
gated in detail, except for data published in Ref. [24]. In this
study much higher crystallinity was found in thin specimens or
in the skin of thicker specimens. The same study showed that
in PA6-NC crystallinity decreased with increasing specimen
thickness, both in the skin and core, with somewhat higher
crystallinity in the skin.

It is clear that more detailed investigations into the effects
of processing conditions on the properties of PA6-NC
composites are warranted. This work will investigate the
mechanical properties and fracture mechanism of injection-
molded PA6 and PA6-NC plates of varying thickness.

2. Experimental
2.1. Materials

Commercial PA6 (Ultramid B3) was supplied by BASF
AG (Ludwigshafen, Germany). Cloisite 30B (Southern Clay
Products, Inc.) a commercial organoclay (montmorillonite)
modified with methyl tallow bis-2-hydroxyethyl quaternary
ammonium chloride was used as reinforcement material for
the fabrication of the PA6-NC.

2.2. Preparation of polyamide-6 clay nanocomposites

PA6-NC was produced with melt intercalation in a
double screw extruder (250 rpm, 20 kg/h, 250 °C). Unmo-
dified PA6 was submitted to identical processing conditions
to ensure similar thermomechanical history.

2.3. Preparation of injection-molded plates

PA6 and PAG6-NC were injection-molded into
110 mm X 110 mm plates with 0.5, 0.75, 1 and 2 mm
thickness in a Kraus Maffei KM 250/900 B injection molding
machine (cylinder temperature 260-280 °C; tool temperature
100 °C; 30 °C for the 2 mm plates; 100 rpm, 95 mm/s).

2.4. Dynamic Mechanical Analysis (DMA)

All samples were dried at 75 °C for 48 h in a vacuum
oven prior to DMA measurements. Dynamic temperature
sweep measurements in torsion were performed using 1 Hz
frequency, a temperature interval of 30-330°C with a
heating rate of 3 °C/min, 0.1% strain (0.4% for the 0.5 mm

samples), 0.001-0.1 N torque. Specimens with dimensions
of 10 mm X 40 mm were machined from the injection-
molded plates in the injection direction using a Diadisc 6200
(Mutronic) cutter; the edges and surface quality was
improved by grinding.

DMA measurements in tension were performed using a
Rheometrics Solids Analyzer (RSA II) using the same
frequency, temperature interval and heating rate as in
torsion, applying 0.02—0.025% strain and an initial static
force of 0.49-0.83 N. The specimen size in this test was
6 mm X 40 mm, cut from the injection-molded plates in the
injection direction. It should be noted that the 2 mm thick
samples could not be tested with the RSAII because of
limited grid size (max 1.5 mm).

2.5. Tensile tests

Standard dumbbell specimens (5SA, DIN EN ISO 527-
2: 1996-07) were cut from the injection-molded plates
parallel to the injection molding direction. All samples
were dried at 75 °C for 48 h in a vacuum oven prior to
the measurements.

Tensile tests were performed using a Universal Testing
Machine (Zwick 1455) at 22 °C and 64-66% relative
humidity, with a 20 mm initial grid distance, 0.5 N initial
load, and a crosshead speed of 5 mm/min.

2.6. Scanning Electron Microscopy (SEM)

SEM studies of the fracture surface of the tensile
specimens were carried out with a JEOL JSM IC 848
instrument (15 kV, 6 X 10! A). The surfaces were gold-
coated prior to the measurements.

Special 0.75 mm thick samples were additionally prepared
from the original 2 mm thick specimens by removing the skin;
equal amounts of mass from both sides were grinded down.
They were then submitted to the same tensional load as
specified in the tensile tests, and the obtained fracture surfaces
were compared with those of the original skin-core samples.
To avoid confusion with the injection-molded 0.75 mm
samples, these samples will be marked ‘core samples’.

3. Results and discussion

DMA under torsion and tension was used to analyze the
samples whether skin-core structure can be identified.
Under torsion mostly the outer part or skin of the test
specimen is loaded,* while under tension the total cross-
section of the sample contributes to the modulus.

4 Assuming that the effects caused by the corners of the squared samples
can be neglected, the behavior of the load across the thickness would be
similar as the one present in a cylindrical specimen. Under torsion a shear
stress is generated. This parameter reaches the highest value in the outer
part of the specimen and decreases linearly when approaching the center,
where its value is equal to zero [31].
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Fig. 1. DMA in torsion. Storage modulus G’ values as a function of
temperature. PA6: —O— 0.5 mm; —-0- 0.75 mm; ---C--- 1 mm. PA6-
NC: —@— 0.5 mm; — M- 0.75 mm; ---4--- 1 mm.

In Fig. 1 storage moduli data under torsion (G') vs.
temperature plots for both PA6 and PA6-NC specimens are
represented. In the entire temperature range the PA6-NC
samples have higher moduli with less drop at T, than the
PA-6 samples. The T, onset values of 50 °C are independent
on sample type and thickness. No clear thickness effect can
be identified in either PA6-NC or PAG6.

In tension, the effect of sample thickness on the
moduli values is clearly evident in the case of the
nanocomposites, as shown in Fig. 2. Thinner samples
had higher storage moduli, thus higher stiffness. This
points to higher degree of orientation near the wall of
the tool. This would translate into the existence of a
highly oriented skin and less oriented core in thicker
samples. This is consistent with a decreasing degree of

10— 7T

E'(Pa)

1081

107 PR S T SR R S S PR IS S SR TR NS SR ST SR NN . N S—
0 50 100 150 200 250

Temperature (°C)

Fig. 2. DMA in tension. Storage modulus E’ as a function of temperature.
PA6: —O— 0.5mm; -O- 0.75mm; ------ 1 mm. PA6-NC: —@—
0.5 mm; —M- 0.75 mm; ---¢--- 1 mm.
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Fig. 3. Stress—strain curves of PA6 and PA6-NC in the low-strain region
(0.0-2.0% strain). PA6: —O— 0.5mm; -0O- 0.75mm; ---O---

1 mm; —A--- 2 mm. PA6-NC: —@— 0.5 mm; —l- 0.75mm; ---@---
1 mm; —A--- 2 mm.

crystallinity with sample thickness, and higher crystal-
linity in the core shown in Ref. [24]. In contrast to that
reported in Ref. [24], no skin effect was identified in
PAG6 specimens in our studies.

Tensile test data are summarized in Table 1. Fig. 3
shows the stress—strain curves at low strain (0-2.0%). The
plots of the PA6 samples run close to each other, while in
PA6-NC the Young Moduli decrease significantly with
increasing thickness. This is again most likely due to
higher degree of orientation in the thinner samples in the
direction of the tensional load (more skin), compared to the
thicker samples (more core). Fig. 4 shows full stress—strain
plots. Both PA6 and PA6-NC show yielding, but the strain
to failure is considerably lower for the nanocomposites. In
the 2 mm thick PA6-NC the stress decreases until failure,
at approximately 40% strain.

The reinforcing effect of the layered silicates observed in
the G’ and E' (see Figs. 1 and 2) is also evident from the
tensile curves: higher tensile strength and stiffness and
reduction of the strain to failure is observed in the
nanocomposites (Figs. 3 and 4).

Fig. 5 shows the SEM picture of the side view of a failed
2 mm thick PA6-NC specimen. Formation of voids within
the core is apparent from the picture (voids indicated with
black arrows in the figure). These voids were observed with
all 2 mm thick PA6-NC samples.

Fig. 6 presents SEM pictures of the fracture surfaces of
selected tensile specimens. The thin (0.5 mm) samples of
both PA6 and PA6-NC show similar flat fracture surfaces,
reflecting fast crack propagation when failure occurs. In
contrast, in the thicker samples, especially in the 2 mm ones,
while the fracture surface of PA6 remains flat, PA6-NC
shows a sheet-like pattern in the core and a smoother surface
in the skin. We theorize that this sheet-like pattern can only
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Fig. 4. Stress—strain curves of PA6 and PA6-NC. PA6: —O— 0.5 mm;
-0- 0.75mm; ---<--- Imm; —A--- 2mm. PA6-NC: —@—
0.5mm; —M- 0.75mm; ---¢--- 1 mm; —A--- 2mm.

be formed, if both skin and core are present. In the
micrograph of the core sample manufactured from the 2 mm
thick specimens (see Section 2) for example, only the
formation of large cracks in the center of the sample can be
seen. In this core sample sheeting did not develop because

Fig. 5. SEM micrograph of the side of a PA6-NC tensile test specimen.

the skin was removed so the tear effect caused by the skin in
the thick samples is missing.

Based on the results discussed above, the model
presented in Fig. 7 to describe the failure mechanism in
PA6-NC is proposed. The probable starting platelets
orientation in the specimen is also represented, exaggerating
the sizes of the platelets for a better view. This orientation is
based on the assumption of a parabolic velocity distribution
across the thickness of the mold, generated during the
injection molding process. During fracture, the stress
concentration is the highest in the core, where the
orientation in the load direction is lower. Therefore cracks
appear first in the core. The skin is stiffer than the core,
having a better orientation in the load direction. This gives
the skin the ability to sustain higher load and to deform more
than the core, facilitating void formation and growth in the
core. The voids grow in the load direction and multiply until
the core fails completely. Thus a sheet-like structure
develops in the core, elongating more until a sudden
breakage occurs.

The model proposed above explains the different fracture
behavior of thin and thick PA6-NC. More investigations are
underway in our laboratory.

4. Conclusions
From the injection-molded PA6-NC samples examined

in this work a thickness effect could be observed using
DMA and tensile tests. PA6-NC had higher stiffness than

Table 1

Tensile data of PA6 and PA6-NC

Material Thickness (mm) E-modul (MPa) oy, (MPa) Omax (Mpa) &y (%) Egaiture (%) Work (J)

PA6 0.5 2610 £ 75 64.1 = 1.0 64.0 = 1.0 55+26 100 £ 65 23*+14
0.75 2580 = 170 724 £0.7 72.0 £0.5 59+0.1 156 = 8 49+03
1.0 2730 * 67 69.0 £ 1.0 70.0 £2.2 7.0 22 230 = 52 9.8 +23
2.0 2450 + 275 68.0 = 0.7 68.4 = 0.8 8.6 0.8 238 + 27 18.7 £ 2.2

PA6-NC 0.5 4730 = 170 90.0 = 1.3 90.0 £ 1.2 3909 279 1.0 +0.3
0.75 4420 = 177 93.0 = 1.3 934+ 1.3 42 +02 34+6 14 +£0.3
1.0 4160 = 56 84.0 = 0.7 84.5 0.7 6.7 £0.1 49 + 37 2.7+20
2.0 3750 = 87 78.0 £ 0.2 78.0 £0.2 6.2 +0.2 394 30=*+03
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Fig. 6. SEM micrographs of selected PA6 and PA6-NC tensile fracture surfaces.
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Fig. 7. Proposed micromechanical model of the fracture behavior of thick PA6-NC samples.

pure PA6, demonstrating the reinforcement caused by the
layered silicates.

A skin-core effect was observed in PA6-NC under
the processing conditions used. Thin samples of PA6-
NC (0.5 mm) with a higher contribution of skin had the
highest stiffness and strength and the tensile fracture
surface was flat, reflecting fast crack propagation.
Thicker samples (2 mm) with a higher contribution of
core had a lower stiffness and strength and the fracture
surface showed a flat surface in the skin and a sheet-
like pattern in the core. This sheet-pattern formation can
be explained as the result of multi-voiding due to stress
concentrations in the core; the voids grew in the
direction of the load, forming the sheets assisted by
the skin that fails last.

In a complementary work that will be published
elsewhere [32], the effects of layered silicates on the
crystals and lamellae orientation across the thickness of the
samples will be reported.
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